The aim of this study was to model and validate a new concept of a silo-dryer-aerator for the drying of soybean seeds and determine the quality of the seeds in function of the air temperatures in the drying. Soybeans with water contents of 17% (w.b.) were dried and stored in a silo-dryer-aerator system that was designed with a drying chamber and four independent storage cells in the air drying temperatures at 30, 40 and 50 °C in silo-dryer-aerator. The drying in the air temperature at 30 °C in the cell C1 the diffusion approximation model was the one that best fit the data, in the cell C2 the Newton model prevailed and in the cells C3 and C4 the Midilli model. In the drying with air temperature of 40 °C in the cell C1 the Page model was the one that better adjusted the data, whereas in the cell C2 the model of diffusion approximation determined the best fit, while in the cells C3 and C4 the Page model obtained better fit. In the drying with air temperature of 50 °C in the cells C1, C2, C3 and C4 the logarithm model was the one that best represented the fit of the data. The increase in the drying air temperature to 50 °C decreased the quality of soybeans seeds. In the upper and middle part of the cells there was an increase in electrical conductivity (140.02 μS/cm/g) and germination (53%) compared with the lower dryer position.
Introduction
 Soybean is one of the main cereals in the world, and Brazil accounts for 40% of total grain produced, this cereal is responsible for 27% of the world market. Brazil is the second largest producer and the largest exporter [1] . Often the soybeans are harvested with water content between 16% and 18%, making it necessary to subject it to drying, in order to prevent enzymatic reactions and the development of fungi and microorganisms producing hydrolytic enzymes with lipases, which leads to an increase of free fatty acids, which affect the quality of the seeds [2] .
The drying process aims to partial removal of water from the seeds, through the simultaneous transfer of heat from the air and seeds and mass flow through the water vapor, the beans into the air. The information about the behavior of the phenomenon of heat and mass transfer between the biological material and the element of drying are essential for design, operation simulations of drying, dryers and seed quality systems. A reduction in the water content of the seeds diminishes their biological activity and microbiological, physical and chemical changes during storage [3] [4] [5] [6] .
Artificial drying methods are used according to the variation in the heat supply, which is distributed by the air flow, which the air imparts heat to the seed mass in a continuous, intermittent or stationary manner [7] [8] [9] . The studies have been conducted for developing new dryers and improving the existing ones to obtain a higher yield and maintain the quality of the agricultural products, which the main factors involved in this improvement are the temperature and air flow controls, the velocity and pressure of the heated air, and the movement and uniformity of the water content of the product [2, 10] .
To evaluate the drying systems, their dimensioning, optimization and determining the feasibility of its commercial application can be made by mathematical simulation, whose principle is based on the successive thin layers drying the product, using a mathematical model that is satisfactorily water loss [3, [11] [12] [13] .
Drying of hygroscopic products is described by theory, empirical and semi theoretical methods. In theoretical methods usually consider the external conditions under which the operation occurs as well as the internal mechanisms of energy transfer and mass and its effects.
Considering that drying systems have been the main bottleneck in the flow of soybeans in warehouses, due to the high water content, the drying time of the seeds and the high costs with drying equipment, it is necessary sizing systems with drying and drying with aeration during storage. Currently, the methods used for dry-aeration are not efficient, causing problems with moisture transfer and heating of the mass of stored seeds. These problems are caused by the mixing of the lots of seeds in the silos with heterogeneous moisture and also by the aeration conditions which are inferred by the relative humidity of the ambient air and temperatures. Thus, the aim of this study was to model and validate a new concept of a silo-dryer-aerator for the drying of soybean seeds
and determine the quality of the seeds in function of the air temperatures in the drying.
Materials and Methods
The municipality of Chapadão do Sul is located in the south of the center-west region of Brazil, in the north of Mato Grosso do Sul (microregion of Cassilândia). The designed silo-dryer-storage system was composed of a chamber with four independent drying-storage cells that were arranged inside to separate the seeds in bands of water content, impurities or seed size, or even different species, aiming at the increase of the yield and the high quality of the seeds in drying-storage (Fig. 1) . The silo-dryer-aerator grains prototype is shown in Fig. 2 . It was built with 14-inch, circular and raised metal plates containing a drying-storage chamber (Fig. 2 , point e) of 2 m height and 1 m in diameter, with a variable static capacity according to the seed type (average of 164 kg). The floor was scaled with 10% of its total perforated area. In the interior, four mobile drying-storage cells were built for storing the seed mass during drying-storage, each measuring 1.5 m in height and 0.2 m in diameter, constructed of 12-inch metal plates, with walls of holes 2 mm in diameter and open at the top.
The silo-dryer plenum (Fig. 2, point d) , with the function of reducing the drying air velocity or aeration was arranged below the drying-storage chamber, with a diameter of 1.5 m and a height of 0.30 m. In the center of the plenum, one of the electrical resistors (only for drying) with 4,000 watts of power was installed. The other electric resistance (drying only) of the same power was fixed in a plenum ( cv, tension of 220/380 V, rotation of 1,750 rpm, single-phase, structure of carbon steel, rotor in aluminum alloy, noise 90 DBA, weight of 35 kg was coupled to an air expansion chamber (Fig. 2 , point a) 1.5 m long and 0.5 m high interconnected with the silo-dryer-aerator body (Fig. 2) . The instrumentation of the silo-dryer-aerator system was performed with the control of the air temperature directly in the electrical resistances, through an external controller with dimensions of 500 mm  400 mm  250 mm, channels with an open cut out for cable housing, circuit breaker protection for 10 A control and 40 A power, 24 vcc switching power supply for solid state relay drive, 40 A three phase solid state relay with heat sink, N1040-PR temperature controller for system control, input and output terminal strip of control cables and force. According to the airflow and heating of the silo-dryer, the variations in the speed and temperature of the drying air were obtained. The storage silo was constructed of 14-inch metal sheets. For the aeration and cooling of the seeds mass in the storage-aerator silo, a centrifugal fan with straight blades, a flow rate of 45 m 3 /m, static pressure of 1,862 Pa, voltage of 220/380 V, radial rotor, power of 3 cv, rotation of 3,500 rpm, noise of 90 DBA, weight of 50 kg, single-phase, structure of carbon steel, and cast aluminum rotor. The silo-dryer-aerator seeds were moved to the silo-storage-aerator by a 4 m long, 0.30 m diameter helical screw made of 14-inch metal sheets. It was made with a single-phase motor, 220 V, 3 HP power, with a transmission via a set of pulleys and belt.
To assess the fluid from the heated and cooling air in the silo-dryer-aerator used was a computational tool called computational fluid dynamics (CFD) [13] . For the simulation was taken into account the constructive characteristics of the silo-dryer-aerator, the heating and cooling system of the air, environmental variables controlled, initial and boundary conditions, the physical parameters of air. For the simulation a mathematical model of the air convection inside the dryer was build taking into account the type of air flow, the thermophysical properties of the fluid, the viscous dissipation in the flow and the pressure term in the energy equation, the surfaces of dryer. The problem in question was characterized as a forced convection air flow. The initial condition of average ambient temperature was 23 °C.
For the boundary conditions was considered a temperature of 30, 40 and 50 °C on the wall below the entrance of the heated air, south side geometry and heat flow equal to zero, the symmetry conditions to the same side. On the east side, west and north were considered as insulated wall and heat flow equal to zero. Whereas the geometry of the system is presented with large, interfering with the convergence of cells convective heating air inside the shed, admisionalization of values became an alternative necessary for the simulation. 
where T Continuity equation:
Equation of the momentum in the x-direction:
Equation of the amount of movement in the y-direction:
where u is the velocity in the direction (x) (m/s), v is the velocity in the direction (y) (m/s), x is the horizontal coordinate (m), y is the vertical coordinate (m), p is a specific mass (kg/m 3 ), δ is the gradient, β is the volumetric expansion coefficient, T is the temperature (°C), i is the unit vector in the x-direction, J is the unit vector in the y-direction. Eq. (6) represents the conservation of energy in the system:
where α is the thermal diffusivity (m²/s).
The silo-dryer-aerator fixed bed, with a capacity of 164 kg of soybean was loaded from the top, then the air ventilation system and the heating system with electric resistances was triggered through an external controller for the temperature control of the drying air at 30, 40 and 50 °C. The seeds lots were individually dried for each air temperature. During the drying, the temperature conditions of the seeds mass were monitored with the help of mercury thermometers in the four drying cells. At each interval of 1 h, the seeds Table 1 Semi-empirical and empirical equations for mathematical modeling of the soybean grains.
Equations Models
Henderson and Pabis (9)
Henderson and Pabis modified (13) were sampled throughout the mass profile of the four drying cells, using a grain-water sampler to determine the water content. The water content of the samples was determined via the gravimetric method [14] . The drying curves were fitted to the experimental data using different semi-empirical and empirical equations discriminated in Table 1 .
To adjust the mathematical models of analysis drying grains were performed nonlinear regression, Quasi-Newton method, using the computer program Statistica 7.0 ® . To check the degree of fit of each model was considered the significance of the regression coefficient by t-test, adopting the 5% level of probability, the magnitude of the coefficient of determination (R 2 ), the mean relative error values (P) and the average estimated error (SE) and verified the behavior of distribution of residuals. The relative average error and the average error estimated for each model were calculated according to the following expressions, respectively:
where Y: experimentally observed value; Yˆ: value calculated by the model; n: number of experimental observations; GLR: degrees of freedom of the model.
At the end of the drying, a top, middle and lower sample of the four cells was collected and mixed for a single quality assessment sample.
The water content (% w.b.) was determined by the difference between initial and final grain masses, submitted to forced drying at 105 ± 1 °C for 24 h, with three replicates of 15 g [14] . The electrical conductivity test was conducted in soybean seeds [15] . The germination test was conducted with four subsamples of 50 grains for each treatment, placed in rolls of "Germitest" paper towels, and packed in "Mangelsdorf" type germinator at a constant temperature of 25 ± 2 °C. Grain germination results were analyzed on the 5th and 8th days [14] . The results were submitted to statistical analysis by the program SISVAR. Fig. 3 is simulation (temperature, velocity, pressure, heat flow and power line) of the heated air inside the grain dryer to temperatures at 30, 40 and 50 °C. It was found in the parameters evaluated that there was a uniform distribution of the heated air from the bottom of the drying chamber, in defined layers and heating air circulation inside the dryer. The air speed parameter had similar changes for all temperatures with initial values in the air inlet 0.65 m/s to 0.00 m/s the air outlet of the drying chamber. On average the recommended air velocity in the seed mass at the drying process should be 0.35 m/s [15] . The increased speed can cause cracks and breaks in the grains [15] . The way it processes the drying fixed layer originates temperature gradients and moisture in the grain mass [16] . In the stationary dryer with radial air distribution under temperature of 40 °C, did not observe differences between the nearest grain temperatures to the central tube and away [16] . In contrast, soybean, found gradient to 15 °C under similar dryers. The water content gradient between seeds differently spaced in relation to the air inlet area depends on the relative humidity, temperature, air flow, the water content of the pasta thickness and the water transfer capability of grain into the air. This gradient is reduced with decreases in temperature and thickness of the seed weight and increased flow of air. In the more distant sections of the air inlet may be an increase of the seed moisture content as a result of condensation caused by the passage of humid air in layers over low temperature [17, 18] . The relationship between the volume of air that passes through the product mass, the resistance to passage of air and the height of the product layer above the distribution system, are important in the design, selection and operation of the air handling equipment. In the results of dynamic air pressure inside the dryer, the variation of pressure was 35.19 Pa and decreasing air pressure in the middle third of the equipment was increased and the upper third, approaching the initial was found that the heat flow in the dryer was higher in the inlet of the drying chamber, decreasing along the way, but at different initial amounts for each temperature [19] . The wetter seeds are more susceptible to thermal damage, for which reason suggested that the higher the water content, the lower temperature should be employed. However, the surface water can be removed under high air temperature, since the evaporation process removes sufficient heat, not changing the temperature of the beans [20] . Below 30% water, however, the amount of water is less available for evaporation. The air flow should be sufficient not to become saturated before leaving the mass of seeds can be increased while being able to absorb all the water released by the seeds [21, 22] . From this point the water migration from the interior to the surface of each seed, it becomes the main factor affecting the drying rate. The seed mass temperatures ranging between 40.5 °C and 43.3 °C are considered to be maximum, and most of them can be generated physical or chemical damage [23] . However, the difference between the temperature of the supply air and the seed mass depends on the type of dryer, the botanical species concerned and the movement of air resistance, making it necessary to know the heat behavior in every type of dryer and in each species.
Results and Discussion
The drying curves, observed in Figs. 4a-4c, represent the reduction of water contents of the seeds from 17% to 11.5% (w.b.) at 30 °C, from 17% to 10.3% (w.b.) at 40 °C and from 17% to 10.5% (w.b.) at 50 °C. Cell 1 showed the greatest reduction (with respect to time) in the water content of the seeds at 30 °C and 40 °C, until the end of the drying. The reduction in the water content of the seeds at 50 °C was similar for all four dryer cells. Moreover, the drying time was 2 h less (8 h) at 50 °C compared with the 10 h at 30 °C and 40 °C.
This behavior is typical of several agricultural products and has been observed by several researchers studying numerous agricultural products [24] [25] [26] . Figs. 4a-4d respectively show that the drying cells 1, 2, 3 and 4 exhibited similar behaviors at the same temperatures and drying at 50 °C reduced the drying time to 8 h in all of the four cells. In addition, in the first 2 h the drying curve was more pronounced, showing a greater reduction of water contents in the seeds with the increase of drying air temperature.
The reduction of water in the grain during the drying period is governed by the water reduction rate until it becomes stable because the reduction in free water slows the migration of water from the interior to the surface of the grain [19, 27] . This behavior indicates that diffusion is the largest probable physical mechanism, which governs the movement of water in the thin layers [16, 28] . Moreover, the drying air temperature is the main indication for accelerating the movement of water in the thin layers. Thus, regardless of the cell, there was a significant reduction in water content at the upper sampling point compared with the middle and lower points of the cells. Moreover, the difference observed was greater with the increase in temperature of the drying air indicating that the superior points had a higher drying rate, which caused the highest reduction in the grain water content at all drying temperatures and cells. As seen in Table 2 , the coefficients "k", "a" and "b" represent the effects of external drying conditions, the constant "k", "a" and "b" can be used as an approach to characterize the effect of temperature related to the effective diffusivity in the drying process period and the descending liquid diffusion controlling the process [29] ; while the constant "n" reflects the internal strength of the product drying. The coefficient of determination is a good parameter to check the fit of nonlinear models and typically has higher values for the models that best fit the experimental data (Table 3) . Thus, it was observed that for most treatments, the coefficients of determination R 2 were above 99%, indicating a satisfactory representation of the phenomenon under study [30, 31] (Table 3) . For the drying air temperature of 30 °C, in the cell C1 the diffusion approximation model was the one that best fit the data, in the cell C2 the Newton model prevailed and in the cells C3 and C4 the Midilli model. In the drying with air temperature of 40 °C, in the cell C1 the Page model was the one that better adjusted the data, whereas in the cell C2 the model of diffusion approximation determined the best fit, while in the cells C3 and C4 the Page model obtained better fit. In the drying with air temperature of 50 °C, in the cells C1, C2, C3 and C4 the Logarithm model was the one that best represented the fit of the data (Figs. 5-7) .
It was observed that the drying coefficients "k", "a" and "b" increased with increasing temperature, while the constant "n" decreased with increasing temperature. Table 4 shows the results of drying the seeds at air temperatures of 30, 40 and 50 °C, with a relative humidity of the ambient air varying from 70.5% to 45.5%. The temperature in the seed mass ranged from 26.9 °C to 33.5 °C; the exhaust air temperature C1  C2  C3  C4  C1  C2  C3  C4  C1  C2  C3  C4  Newton  A  A  A  A  T  T  A  A  T  A  T  T  Page  A  A  A  A  A  T  A  A  T  A  T  T  Henderson and Pabis  A  A  A  A  T  T  A  A  T  A  T  T  Logarithmic  A  A  A  A  A  T  A  A  A  A  T  T  Two terms  A  A  A  A  T  T  A  A  A  T ranged from 26 °C to 32 °C and the relative humidity of the exhaust air ranged from 73% to 59%. The increase in the temperature of the drying air showed an increase in the amounts of exudates released in the solution due to higher damage to the grain integuments ( Table 5 ). Seeds that presented values of electrical conductivity higher than 80 μS/cm/g with water towers of 13% (w.b.) are considered of low vigor. The electrical conductivity is inversely proportional to the water content of the grains; thus, the amount of leachate in the solution increases the quantity of water in the grains. The results were in agreement with the results mentioned above wherein the highest values of electrical conductivity were observed in the upper sampling points, where there was a greater reduction of grain water content, independent of the cells [15] . Table 5 shows that the lower sampling point of the [32] . Also the study corroborated the results of previous studies, which reported an increase in electrical conductivity with an increase in the drying air temperature in bean seeds [33] . Table 6 shows that at a drying air temperature of 30 °C, the percentage germination differed in the cells at the lower and upper points, but at the upper point, only cell 1 differed significantly from the others. Drying at 50 °C resulted in a difference in the percentage of seed germination between the cells at the lower and medium points. However, at 40 °C there were no significant differences among cells. .00 Aa 78.00 Ba Means followed by the same lowercase letter in the line do not differ by Tukey's test at 1%; means followed by the same capital letter in the column do not differ by Tukey's test at 1%. L: lower; M: medium; U: upper; IC: initial condition; coefficient of variation = 9.14%.
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The highest germination value occurred when the grains were dried at a temperature of 45 °C both in the shade and prototypes of stationary dryers regulated at temperatures of 35/45 °C [4, [34] [35] [36] . Regardless of the drying position of the grains in the dryer and the temperature of the drying air used, the percentage of germination of the grains was reduced when they reached the lowest water contents after drying.
Conclusions
It was concluded that the silo-dryer-aerator attended the drying conditions of soybean seeds, when it presented uniform distribution of the air in the drying equipment, adjustments of the curves of seed water removal, through diffusion approximation models, Newton, Page, Midilli and Logarítmico, maintenance of the quality of soybean seeds in function of the different drying air temperatures.
